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We demonstrate remote entanglement of trapped-ion qubits via a quantum-optical fibre link with
fidelity and rate approaching those of local operations. Two 88Sr+ qubits are entangled via the
polarisation degree of freedom of two spontaneously emitted 422 nm photons which are coupled by
high-numerical-aperture lenses into single-mode optical fibres and interfere on a beam splitter. A
novel geometry allows high-efficiency photon collection while maintaining unit fidelity for ion-photon
entanglement. We generate heralded Bell pairs with fidelity 94% at an average rate 182 s−1 (success
probability 2.18× 10−4).
The ability to form logical connections between all
quantum bits (qubits) of a quantum processor is a pre-
requisite for building a fault-tolerant universal device [1].
Trapped atomic ions have been identified as an excel-
lent candidate qubit technology because they allow the
implementation of single-qubit operations [2–4], two-
qubit phonon-mediated gates [3, 4] and quantum mem-
ories [5, 6], all with high fidelity. However, the number
of ions that can be reliably interfaced in a single trap is
limited by the motional mode density, necessitating ar-
chitectures with multiple trap zones each hosting com-
paratively few ions. Trap zones can be interfaced by
physically shuttling qubits across centimetre-scale dis-
tances using electric fields [7], or by using photons to
distribute entanglement over larger distances [8]. Pho-
tonic entanglement could also increase the connectivity
of trapped-ion qubits via dynamically switchable fibre
links [9], or allow the interfacing of different qubit plat-
forms [10]. It also enables other quantum networking
applications such as quantum key distribution, telepor-
tation of quantum states, and blind quantum comput-
ing [11, 12]. For ions, the entanglement rate is lim-
ited fundamentally only by the photon scattering rate
(∼ 100 MHz), exceeding local multiqubit operation rates
(motional gates [13] and shuttling [14, 15]) at typical sec-
ular trap frequencies (∼ 1 MHz). In practice, photonic
entanglement rates have been far lower than this, lim-
ited principally by low photon collection efficiencies [16];
the highest previously reported rate for ions was 4.5 s−1,
with 78% fidelity [17]. Faster rates have been achieved
with nitrogen-vacancy centres (39 Hz) and quantum dots
(7.3 kHz), with fidelity ≈ 60% [18, 19]. Heralded en-
tanglement of remote qubits with fidelity above 90% has
not previously been reported for any physical systems at
rates above a few millihertz [20–22].
In this Letter, we report the generation of entan-
glement between two qubits in separate ion traps at
rates and fidelities approaching those of typical local (in-
tratrap) operations, by swapping entanglement between
photons emitted by the ions onto the ions themselves [23].
At these higher rates and fidelities, distillation proce-
dures based on photonic entanglement [24] start to be-
come a viable method for creating high quality entangle-
ment across a scalable trapped-ion quantum computer.
A novel excitation scheme using 88Sr+ ions with pho-
ton collection perpendicular to the static applied mag-
netic field allows an increased rate over previous ex-
periments [17], with polarisation mixing maximally sup-
pressed by coupling into a single mode optical fibre. In
contrast to previous schemes using 171Yb+, the collec-
tion geometry does not impede the use of beams parallel
to the applied magnetic field. This allows standard σ-
polarised optical pumping to be employed, thus permit-
ting a wider choice of ion species and the straightforward
initialisation of multiple ion species in a single trap.
We collect photons from the spontaneous decay of the
excited electronic state
∣∣5pP 1/2, m = +1/2〉 of 88Sr+,
as shown in Fig. 1(a). Decays to the two states of the
ground level 5s S1/2 are associated with pi and σ
+ po-
larised photons, forming an entangled ion-photon state
given by
|ψ〉 =
√
2
3 |↓〉
∣∣σ+〉+√ 13 |↑〉 |pi〉 ,
where the weightings are due to the Clebsch-Gordan co-
efficients for each decay path, and the ion qubit states are
labeled with |↓〉 and |↑〉. Perpendicular to the magnetic
field axis, the emitted field from the pi decay has twice
the intensity, and so for photons on the collection axis
the ion-photon state is
|ψ〉 = 1√
2
( |↓〉 |H〉+ |↑〉 |V 〉) , (1)
where σ+ and pi have been relabeled H and V to em-
phasise that the two photon polarisations are both linear
and orthogonal; note that this is a maximally entangled
Bell state.
The nonorthogonality of the σ+ and pi emissions away
from the collection axis would normally reduce the fi-
delity of the ion-photon entanglement at the high nu-
merical apertures needed to maximise the photon collec-
tion efficiency [25]. However, with the chosen collection
geometry, coupling into a single mode optical fibre re-
jects the nonorthogonal component of the σ+ emission,
ar
X
iv
:1
91
1.
10
84
1v
2 
 [q
ua
nt-
ph
]  
13
 M
ay
 20
20
2(a)
σ+
π
B
σ+→⏐H⟩
π→⏐V⟩
NA 0.6
σ+ π
1/32/3
P1/2
S1/2|↑⟩
|↓⟩
(b)
0.0 0.2 0.4 0.6 0.8 1.0
Numerical aperture
0.7
0.8
0.9
1.0
Io
n-
ph
ot
on
 B
el
l s
ta
te
 fi
de
lit
y
fibre-coupled
free-space
0.0
0.1
0.2
0.3
0.4
0.5
P
ho
to
n 
co
lle
ct
io
n 
ef
fic
ie
nc
y
FIG. 1. (a) Intensity distribution of the light field for σ+
and pi decay channels, relative to the quantisation axis set
by the static magnetic field B, and the branching fractions
for each decay due to atomic selection rules. At the fibre
input face, photons from σ+ (pi) decay map to the H (V)
fibre polarisation mode. (b) Maximum fraction of photons
emitted by the ion that can be collected (red) and theoretical
ion-photon entanglement fidelity (blue) versus collection optic
numerical aperture. For free-space collection (dashed lines)
polarisation mixing leads to a loss in fidelity with increasing
numerical aperture. To model the fibre-coupling (solid lines),
we calculate the overlap of the light field with a Gaussian
mode on the dashed plane in (a): a smaller fraction of the
emission is collected, but the polarisation mixing is completely
suppressed. The vertical dashed line shows the NA 0.6 used
in this Letter, where the fibre collection efficiency is 80% of
that in free space.
reducing the maximum possible collection efficiency but
maintaining unit ion-photon Bell state fidelity indepen-
dent of collection aperture [see Fig. 1(b)]. In contrast
to other schemes, no photons of comparable wavelength
are produced from undesired decay channels. This elim-
inates the need to filter out such photons [26], enabling
higher rates to be achieved with our collection geometry
and excitation scheme.
By collecting two such photons entangled with sepa-
rated ions and erasing the which-path information from
the photons, a projective measurement of the two-photon
state in the Bell basis will herald the projection of the
two ions into a corresponding Bell state [27].
In our experiment, 88Sr+ ions are trapped in two
identical, high-optical-access, microfabricated surface
traps [28] in two vacuum systems, designated “Alice”
and “Bob”, separated by 2 m. In each system, a high-
numerical-aperture (NA 0.6) lens, aligned perpendicular
to the applied magnetic field of 0.56 mT, couples single
photons from the ion into an antireflection (AR) coated
single-mode optical fibre. Non-polarisation-maintaining
(non-PM) fibres are used so as to introduce minimal dif-
ferential phase between H and V photons (PM fibres in-
troduce a large, temperature-sensitive, differential phase
which would be difficult to control). A second objective
(NA 0.3) images the ion through a slot in the trap onto
a photomultiplier tube for fluorescence detection.
The relevant electronic structure of 88Sr+ is shown
in Fig. 2. Ions are Doppler cooled with lasers at
422 nm and 1092 nm. The Zeeman structure of the
ground level is used to encode the “Zeeman” qubit:∣∣S1/2, m=−1/2〉 =: |↓〉 and ∣∣S1/2, m=+1/2〉 =: |↑〉.
We also define an “optical” qubit between the metastable
level
∣∣4dD5/2, m=−3/2〉 =: |D〉 and |↓〉, and use a nar-
row linewidth laser at 674 nm to coherently transfer pop-
ulation between either of the Zeeman qubit states and
|D〉, for ion state tomography. As |D〉 is outside the
Doppler cooling cycle, it can also be used to shelve pop-
ulation from |↑〉 to measure the ground state qubit by
state-dependent fluorescence detection [29].
The experimental sequence for generating entangled
photons is shown in Fig. 2. An optimised attempt section
at rate 1 MHz, lasting at most 500 µs, is interleaved with
100 µs of Doppler cooling, until detection of an appropri-
ate two-photon coincidence heralds the creation of ion-
ion entanglement. (In single-ion/single-photon experi-
ments, a single click of a chosen detector instead breaks
this attempt loop and triggers the start of the analysis
sequence.) The sequence is controlled by an FPGA [30],
incorporating the custom-optimised, precompiled section
with decision branching in hardware, and just-in-time
compiled sequences for qubit manipulations.
The projective measurement of the photons is per-
formed with a partial Bell state analyser, consisting of
a 50:50 non-polarising beam splitter (NPBS) and polar-
ising beam splitters (PBSs) on each output arm. All
four output channels are monitored by avalanche photo-
diodes (APDs, quantum efficiency 65% [31]), as shown in
Fig. 3. Spatial mode matching of the photons from each
system at the NPBS is aided by recoupling the light into
AR-coated single-mode optical fibres before the APDs
(coupling efficiency ≈ 90%). The total click efficiency
into all APDs is typically 2.1% and 2.4% for Alice and
Bob, respectively. These measured efficiencies imply that
the mode matching into the first fibre is >∼ 50% of the
theoretical optimum [8.0%, Fig. 1(b)].
We first characterise the entanglement between the ion
and emitted photon for each of the trap systems, using
one detector in the apparatus shown in Fig. 3. We per-
form full tomography of the combined ion-photon state
by independently rotating each qubit. Rotations of the
ion state are performed on the optical qubit using the
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FIG. 2. (a) 88Sr+ level diagram (not to scale). (b) The
initial state preparation consists of optical pumping on the
422 nm transition, with a repumper at 1092 nm to clear the
D3/2 level. (c) A single ∼ 5 ps pulse from a frequency-doubled
mode-locked Ti:sapphire laser coherently transfers the popu-
lation to P1/2, m = +1/2 with ≈ 97% probability. (d) The
ion decays to a superposition of |↓〉 and |↑〉, emitting a pho-
ton whose polarisation state is entangled with the state of
the ion. Decays to the D3/2 manifold occur with probability
5.5 %, but as the 1092 nm photons are not transmitted by the
fibre, the only effect is to lower the overall rate. (e) Coherent
manipulations are performed on the 674 nm transition to |D〉
in order to analyse the final ion qubit state. (f) Experimental
sequence: the ions are Doppler cooled for 100 µs before the
attempt loop (lasting up to 500µs) begins. The enlarged view
shows a single attempt, with≈ 400 ns of latency between state
preparation turn-on signal (at t = 0) and light arriving at the
ion. State preparation (≈ 350 ns) is followed by a 100 ns de-
lay to ensure that the beams are fully extinguished before the
pulsed excitation. The 30 ns photon detection window begins
30 ns after the excitation pulse to allow for detector latency.
A further 100 ns is required to decide whether to branch out
of the attempt loop, in the event that a herald pattern is
detected.
674 nm laser after mapping |↑〉 to |D〉 with a pi pulse.
Rotations of the photon state are performed using the
wave plates on the Bell state analyser. An overcomplete
set of ion and photon measurements is used to charac-
terise the entangled ion-photon state, and to calculate
the maximum-likelihood estimate (MLE) of the compos-
ite density matrix. The density matrices obtained indi-
cate a fidelity of 97.90(12)% [97.70(12)%] with the maxi-
mally entangled state, at an average rate of 4.0× 103 s−1
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FIG. 3. Overview of apparatus. Single pulses from a
frequency-doubled mode-locked laser are split to simultane-
ously excite ions in Alice and Bob. The spontaneously emitted
photons are collected into single-mode non-PM fibres, with
wave plates directly after the fibres to rotate the polarisa-
tion. The photons are then overlapped on a 50:50 NPBS, and
detected on single-mode-fibre-coupled APDs following PBSs.
To minimise the polarisation dependence of the NPBS, we
use a small angle of incidence (≈ 10◦). The same apparatus
is used for single-ion/single-photon experiments.
(5.7× 103 s−1) for the Alice (Bob) system.
Ion qubit rotation errors account for ≈ 0.6% of the
total error, at ≈ 0.3% per rotation. We measure correla-
tions of ion state with photon polarisation of P (↑|V ) ≈
P (↓|H) ≈ 0.995, which includes the error from one pi
pulse on the ion qubit. This bounds the error due to
all polarisation mixing effects to <∼ 0.2%. Excited state
preparation errors (preparing
∣∣P1/2, m=−1/2〉 instead
of
∣∣P1/2, m=+1/2〉) depend on the polarisation impu-
rity of both the optical pumping and pulsed excitation
beams and are therefore suppressed. The remaining 1.4%
error is attributed to ion qubit dephasing during the 60 µs
delay between photon detection and tomography, and is
expected to be due to noise in the applied magnetic field.
To entangle the two remote ion qubits, we erase the
path information of photons entangled with each ion and
subsequently project the ion-ion state via a destructive
measurement on the photon polarisations. A coincidence
detection on an appropriate pair of detectors heralds one
of two Bell states:
∣∣Ψ+photon〉 := (|V H〉+ |HV 〉) /√2
if the detectors are on the same output port of the
NPBS, and
∣∣Ψ−photon〉 := (|V H〉 − |HV 〉) /√2 if the
detectors are on different output ports. Detection
of
∣∣Ψ±photon〉 projects the ions correspondingly into∣∣Ψ±ion〉 := (|↑↓〉 ± eiφ |↓↑〉) /√2, where the phase φ is sta-
ble [32] and can be transformed to zero with local oper-
ations.
The probability of successfully heralding an entangle-
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FIG. 4. The remote ion-ion density matrices and corresponding herald patterns (i)–(iv) as per the detector arrangement in
Fig. 3. Detector clicks on opposing sides of the 50:50 beamsplitter (i), (ii) herald projection into
∣∣Ψ−ion〉, while clicks on the
same side (iii), (iv) herald
∣∣Ψ+ion〉. The average fidelity of all four patterns to the nearest maximally entangled state is 94.0(5)%,
at a heralded rate of 182 s−1. (In this diagram the area of each square gives the magnitude of the matrix element, with the
color representing the complex phase, according to the key shown. A “clock hand” also indicates the phase on the same color
wheel. See the Supplemental Material for numerical information.)
ment event is given [17] by
P = pBell
[
P↓PePSP¯click
]2
, (2)
where pBell = 1/2 because we have valid heralds only for
two of the four possible two-photon Bell states, P↓ ≈ 0.99
is the probability of preparing the correct ground state
before excitation, Pe ≈ 0.97 is the population transferred
to the excited state by the pulsed excitation beam, PS ≈
0.95 is the probability of decaying to the S1/2 ground
states and P¯click ≈ 0.023 is the average probability of
detecting a photon emitted by an ion. We measure P =
2.18× 10−4; given the average attempt rate (including
Doppler cooling) of 833 kHz, P yields a heralded ion-ion
entanglement rate of 182 s−1.
After detection of a two-photon herald, we perform
two-qubit tomography to verify the entangled state, us-
ing a series of single-qubit rotations and projective mea-
surements [33]. The MLE ion-ion state is calculated for
each of the four herald patterns individually, as shown in
Fig. 4, indicating an average fidelity of 94.0(5)% to the
closest maximally entangled state [34].
The total ion-ion infidelity is dominated by errors in
the ion-photon fidelity from each trap as described above,
totaling 4.4%, which includes errors in the ion-qubit rota-
tions, ion dephasing, and polarisation mixing effects. Ad-
ditional infidelities include: the measured imperfections
of the beamsplitters in the Bell state analyser, <∼ 0.17%;
temporal misalignment of the photons, <∼ 0.13%; and
dark counts, which contribute <∼ 0.05% despite a rela-
tively high dark count rate of ∼ 60 s−1 per APD. The
error due to mismatch of the photon modes at the NPBS
is bounded by the measured fidelity to < 1.3(5)%, which
is approximately consistent with independent measure-
ments.
In summary, we have used a new combination of col-
lection geometry and excitation scheme to demonstrate
remote entanglement between two atomic ion qubits at
much higher rates and fidelities than previously mea-
sured. The dominant infidelities arose from single-ion
manipulations and spin decoherence, due to noise in the
applied magnetic field and other known technical issues.
An order of magnitude of rate improvement is feasible
by reducing latencies and the duration of state prepara-
tion shown in Fig. 2. Further rate gains could exploit the
quadratic dependence on detection efficiency Pclick indi-
cated by Eq. (2), by using detectors of higher quantum
efficiency, improving the mode matching into the fibres
or using higher numerical aperture lenses to increase col-
lection efficiency. Significantly greater increases could in
principle be realised by the use of a mirror close to the
ion [35, 36], or via the Purcell enhancement provided by
an optical cavity [37–40]. Typical optical fibre losses at
422 nm are 30 dB km−1; frequency down conversion to
the telecommunications C band (1550 nm) [41] would al-
low the distribution of entanglement over much larger
distances than in this experiment. The measured struc-
ture of the remote state produced is such that only two
entangled pairs would be needed to distill a single re-
mote entangled pair at or above 99% fidelity [42]. This
would allow the photonic link to approach the perfor-
mance of state-of-the-art local operations, enabling a va-
riety of quantum networking applications.
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S1. PHOTON COLLECTION
To collect 422 nm photons emitted by the two ions,
custom-designed lens objectives manufactured by Photon
Gear [1] are used. They provide near-diffraction-limited
performance at an input-side numerical aperture of 0.6
(specified: ≤ 0.08 waves rms at 403.1 nm). The image-
side numerical aperture is 0.09, designed to match the
ion emission into standard, commercially available step-
index fused-silica fibres.
The objective lens is mounted on a five-axis stage for
fine control over translational and rotational alignment.
After fitting the observed point spread function with a
low-order Zernike polynomial model similar to ref. [2], a
cylindrical lens is inserted near the image plane to correct
for residual aberrations likely caused by varying thickness
across the vacuum viewport.
The tip of the collection fibre is mounted on a three-
axis positioning stage, which can be adjusted using open-
loop piezo actuators to correct for mechanical relaxation
and slow, thermal drifts. Automatically tracking the op-
timum in observed fluorescence count rate allows us to re-
tain good fibre-coupling efficiency over many days. (The
short-term passive stability of the system was sufficient
for typical experiments, such as the for the data presented
in the main text, to be conducted without interruptions
for realignment.)
S2. ION-PHOTON TOMOGRAPHY
In the following, we discuss the experiments performed
to separately characterise the ion-photon interface of each
ion trap node, that is, the quantum state tomography
measurements of the joint ion-photon state following pi-
cosecond laser excitation.
To implement the necessary measurements on the pho-
tonic state, we use the same Bell state analyser apparatus
as for the remote entanglement experiment (see Fig. 3 in
the main manuscript), but allow only light from one trap
to enter the system. We determine the fast axes and
retardances of the individual waveplates separately, and
then run the experiment while varying their orientation
in a motorised mount, reading out the ion state after a
click has been observed on APD0.
We choose to analyse the ion state for all combinations
of fast-axis angles of {0, pi/4} for the quarter-wave plate,
and {0, pi/8, pi/4, 3pi/8} for the half-wave plate, defined
with respect to the measurement polariser. This imple-
ments an over-complete set of projectors for measuring
the photonic state. (For ideal waveplates, several of these
choices would give rise to the same measurement projec-
tor.)
To analyse the ion state, we execute a sequence
of 674 nm laser pulses to map part of the population
into
∣∣D5/2, m=−3/2〉 and optionally apply extra pi/2-
rotations around an axis in the xy plane. As the phase
of the ion-photon state in the laboratory frame is set with
the detection of the photon, these analysis sequences are
triggered at a fixed time offset from the avalanche pho-
todetector click (with ∼ 1 ns precision).
The results from two such tomography runs for Alice
and Bob are shown in Fig. S1. In total, 624 000 (572 000)
copies of the ion-photon state were measured in Alice
(Bob) for these datasets, distributed over 27 min (18 min)
of wall clock time. The density matrix estimates are ob-
tained by direct numerical optimisation of the likelihood
function over the 15 + 1 real degrees of freedom param-
eterising the state and the overall collection efficiency.
From those estimates, the fully entangled fraction [3],
that is, the fidelity to the nearest maximally entangled
state, is computed as 97.90(12)% and 97.70(12)%, respec-
tively, where the errors are given as the s.e.m. obtained
from parametric bootstrapping.
We make no attempt to control the polarisation rota-
tion introduced by the single-mode fibre linking the ion
traps with the polarisation state analyser setup. This
results in an extra, a priori unknown, unitary transfor-
mation on the photonic part of the observed state. An
arbitrary choice of phase reference is also made for the
ion’s state. To aid visual interpretation, the same MLE
density matrix results are hence shown in Fig. S2 af-
ter post-processing with local rotations to maximise their
overlap with |Φ+〉 := (|↓ H〉+ |↑ V〉) /√2. Drifts in bire-
fringence due to ambient temperature and mechanical
stress lead to slow changes in the unitary induced by the
fibre, but we typically observe it to be stable to >∼ 99%
in state overlap over many days.
Imperfections in the 674 nm laser pulses and ion qubit
decoherence due to magnetic field noise are expected to
have a significant effect on the observed ion-photon corre-
lations (see main text). While these effects can be charac-
terised separately, we do not adjust the measurement pro-
jectors assumed in the tomography analysis for any such
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FIG. S1. Maximum-likelihood estimates of the joint ion-photon state produced in nodes Alice (left) and Bob (right), obtained
from 624 000 and 572 000 individual state tomography measurements, respectively. The fully entangled fractions are FAlice =
97.90(12)% and FBob = 97.70(12)%, respectively, with the error given as the s.e.m. from parametric bootstrapping.
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FIG. S2. Maximum-likelihood ion-photon state estimates in nodes Alice (left) and Bob (right) from Fig. S1, transformed
post-hoc with unitary operations acting locally on the two subsystems to maximise the overlap with the Bell state
∣∣Φ+〉 :=
(|↓ H〉+ |↑ V〉) /√2.
errors (nor for imperfect state discrimination). As such,
the tomographic estimate provides only a lower bound
for the isolated performance of the ion-photon interface.
S3. ION-ION TOMOGRAPHY
In the main text, we present a performance evaluation
of the photonic entanglement generation procedure using
tomography of the joint ion-ion quantum state.
To obtain tomography data, we first set the orienta-
tion of the waveplate pairs on the input to the Bell state
analyser apparatus to compensate the birefringence of
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FIG. S3. Histogram of the number of excitation attempts nec-
essary until a two-photon herald event was observed during
acquisition of the ion-ion state tomography data presented in
the main text. The solid line shows the exponential distri-
bution corresponding to a Poisson process with success prob-
ability 1/4578 = 2.18× 10−4. The effective attempt rate is
833 kHz after including the amortised cost of periodic cool-
ing operations, resulting in an average remote entanglement
generation rate of 182 s−1.
the fibre-optical links. We do this ahead-of-time in sepa-
rate experiments by iteratively optimising the waveplate
orientations for each node to maximise the probability
of obtaining the ion |↓〉 state after detecting a photon
on APD0. This way, the polarisations incident on the
non-polarising beam splitter for either decay channel are
matched. Choosing equal Zeeman qubit frequencies by
equalising the magnetic field strengths then removes any
dependence of the resulting state on the photon detection
times.
The state of each ion qubit is measured along the x-, y-
or z-axis of the Bloch sphere, giving rise to nine possible
measurement settings, each corresponding to a projec-
tive measurement onto the four eigenvectors of a tensor
product of Pauli matrices. For the data presented in the
main text, each measurement is performed on 1000 her-
alded states. For each attempt, we permit all four herald-
ing detector combinations and record which occurred, to
later separate them for data analysis [4]. We iterate four
times through a random permutation of basis combina-
tions, analysing a total of 36 000 ion-ion states.
In total, the data acquisition time was approximately
10 min. A total of 165 321 248 entanglement attempts
were made, with the individual number of trials until suc-
cess well-described by an exponential distribution, shown
in Fig. S3.
To obtain an estimate for the quantum state of the
system conditioned on each of the four detector click pat-
terns, we perform maximum-likelihood state tomography
using a diluted fixed point iteration algorithm [5], which
we also verify using direct numerical maximisation of the
likelihood function. The resulting density matrices are in
good agreement with the observed correlations; a com-
parison of observations and model is shown in Fig. S5.
(There is a slight imbalance of observation counts be-
tween the four click patterns due to small differences in
detector efficiencies.)
The quoted figures of merit (fidelity F = 0.940(5), en-
tanglement of formation EF = 0.838(16)) are computed
from the density matrices and averaged over the detec-
tor click patterns. To estimate the statistical error, both
parametric bootstrapping (simulated experiments from
the MLE density matrices) and non-parametric boot-
strapping (resampling of the experimental outcomes) are
used, and found to give indistinguishable results; quoted
as the s.e.m. above and in the main text. The size of the
confidence intervals was also verified against a Bayesian
model [6], in which a Hilbert–Schmidt uniform prior for
the density matrix is assumed and the posterior distribu-
tion for each figures of merit is sampled using a Markov-
chain Monte-Carlo algorithm (Metropolis–Hastings, us-
ing the implementation from ref. [7]).
No attempt was made to correct for the known qubit
manipulation and state readout imperfections, which are
a consequence of technical noise as discussed in the main
text. As such, the quoted fidelities describe the whole-
system performance and should be regarded as an upper
bound for the link error.
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FIG. S4. Maximum-likelihood ion-ion state estimates heralded by the four different photon detector click patterns. (This is a
duplicate of Fig. 4 in the main text, but with the magnitude and phase of the matrix elements shown numerically.)
OA OB +A+B −A+B +A−B −A−B
Z Z 4 424 564 10
Z X 255 217 297 194
Z Y 283 218 316 193
X Z 212 222 271 263
X X 259 236 227 289
X Y 28 463 477 26
Y Z 178 213 288 285
Y X 424 32 32 524
Y Y 249 223 193 295
(i) Number of observations per Pauli eigenstate for detectors
APD0 and APD2, for a total of 8884 clicks.
OA OB +A+B −A+B +A−B −A−B
Z Z 3 533 425 11
Z X 210 256 233 287
Z Y 204 294 232 252
X Z 263 278 235 231
X X 273 239 228 332
X Y 38 508 425 26
Y Z 254 280 267 250
Y X 451 30 27 495
Y Y 287 233 180 312
(ii) Number of observations per Pauli eigenstate for detectors
APD1 and APD3, for a total of 9082 clicks.
OA OB +A+B −A+B +A−B −A−B
Z Z 1 449 459 18
Z X 206 259 249 236
Z Y 247 260 224 185
X Z 234 237 260 251
X X 224 250 257 192
X Y 467 28 30 399
Y Z 221 249 220 263
Y X 21 441 450 36
Y Y 227 301 259 202
(iii) Number of observations per Pauli eigenstate for detectors
APD0 and APD1, for a total of 8512 clicks.
OA OB +A+B −A+B +A−B −A−B
Z Z 5 531 544 19
Z X 270 321 292 218
Z Y 271 278 309 234
X Z 262 236 282 263
X X 221 264 295 214
X Y 535 21 29 500
Y Z 240 261 242 289
Y X 20 511 482 24
Y Y 240 305 267 227
(iv) Number of observations per Pauli eigenstate for detectors
APD2 and APD3, for a total of 9522 clicks.
TABLE S1. Number of observations of each eigenstate for all tensor-product combinations OA ⊗OB of Pauli operators in the
ion-ion tomography experiment, for each of the four heralding detector patterns. This constitutes the complete input to the
maximum-likelihood estimation procedure used to derive the density matrices presented the main text and Fig. S4 (and, by
extension, the quoted fidelities).
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FIG. S5. Ion-ion tomography data for the states heralded by the four different photon detector click patterns. For each two-
qubit Pauli operator, the solid bars show the experimental measurements (averages directly computed from the raw data from
Table S1), whereas transparent bars denote the 95% confidence interval of the respective expected value from the maximum-
likelihood tomography estimate (obtained via bootstrapping).
